Objective: Parkinson disease is characterized by motor and nonmotor symptoms, reduced striatal dopamine signaling, and loss of dopamine neurons in the substantia nigra. It is now known that the pathological process in Parkinson disease may begin decades before the clinical diagnosis and include a variety of neuronal alterations in addition to the dopamine system. Methods: This study examined the density of all synapses with synaptic vesicle glycoprotein 2A (SV2A) in Parkinson disease subjects with mild bilateral disease (n = 12) and matched normal controls (n = 12) using in vivo high-resolution positron emission tomographic imaging as well as postmortem autoradiography in an independent sample with Parkinson disease (n = 15) and normal controls (n = 13) in the substantia nigra and putamen. Results: A group-by-brain region interaction effect (F 10, 22 = 3.52, p = 0.007) was observed in the primary brain areas with in vivo SV2A binding. Post hoc analyses revealed that the Parkinson disease group exhibited lower SV2A in the substantia nigra (−45%; p < 0.001), red nucleus (−31%; p = 0.03), and locus coeruleus (−17%; p = 0.03). Exploratory analyses also revealed lower SV2A binding in clinically relevant cortical areas. Using autoradiography, we confirmed lower SV2A in the substantia nigra (−17%; p < 0.005) and nonsignificant findings in the putamen (−4%; p = 0.06). Interpretation: This work provides the first evidence of synaptic loss in brainstem nuclei involved in the pathogenesis of Parkinson disease in living patients. SV2A imaging holds promise for understanding synaptic changes central to the disease.
majority of genes implicated in PD (eg, α-synuclein, LRRK2, DJ-1, PINK1, and PRKN) have a critical role in presynaptic function, and corresponding knockout mouse models have demonstrated disruption of synaptic plasticity and neurotransmitter function. [6] [7] [8] A collection of presynaptic proteins important for vesicle transport has been found to interact with these gene products, including synaptic vesicle protein 2A (SV2A). 6 Thus, it is hypothesized that these gene-protein interactions cause a decrease of vesicle transport that is a final common pathway leading to PD. 9 As synaptic changes are centrally involved in PD and characteristic of the pathogenesis of the disease, 10, 11 understanding the pathogenesis and progression of synaptic degeneration in PD could vastly facilitate characterization of disease pathology, monitoring of the disease process, and assessment of treatment efficacy.
We have recently developed a noninvasive in vivo imaging technique using [ 11 C]UCB-J positron emission tomography (PET) to measure the density of synapses in humans with SV2A, an essential vesicle membrane protein present in virtually all presynaptic terminals. 12, 13 As SV2A has a relatively consistent copy number per vesicle, 14 a reduction in [ 11 C]UCB-J binding is likely to reflect a reduction in synaptic vesicles and be attributable to synaptic density loss. In this study, we examined synaptic loss in individuals with mild bilateral PD in vivo with highresolution PET imaging of SV2A and postmortem in more advanced patients with autoradiography.
Subjects and Methods

Human Subjects
The study was performed under a protocol approved by the Yale University Human Investigation Committee and the Yale New Haven Hospital Radiation Safety Committee, and in accordance with the US federal policy for the protection of human research subjects contained in Title 45 Part 46 of the Code of Federal Regulations. Written informed consent was obtained from all participants after complete explanation of study procedures.
There was no restriction for gender, race, or ethnicity. To be eligible, all subjects had to be 40 to 80 years old and be in good general health as evidenced by comprehensive medical and psychiatric histories, physical examination, neurological examination (performed by a single movement disorders neurologist for PD subjects), routine laboratory studies, and electrocardiogram. Exclusions included any current or past clinically significant medical or neurological illness (other than PD) that could affect study outcome, a history of alcohol or substance abuse, current pregnancy (as documented by pregnancy testing at screening and on the day of the PET imaging study), breast feeding, and contraindications to magnetic resonance imaging (MRI). PD diagnosis was made according to the UK Parkinson's Disease Society Brain Bank Clinical Diagnosis Criteria. 15 PD subjects had to be able to consent and tolerate PET scanning procedures. PD subjects were excluded if taking medications affecting SV2A binding (eg, levetiracetam) and were instructed to withhold their morning PD medication so that their last dose of medication was at least 12 hours prior to the scheduled PET radiotracer injection time. PD medications and total L-dopa equivalent daily dose are listed in Table 1 for individual subjects. PD subjects were assessed according to the Movement Disorders Society (MDS) Task Force Clinical Diagnostic Criteria for PD using the MDS-Unified Parkinson's Disease Rating Scale. 16 The Hoehn and Yahr scale was used for disease staging. 17 The Montreal Cognitive Assessment test was administered to screen for dementia (cutoff <21 of 30 points). 18 Neurocognitive assessments included the Trail Making Test (Parts A and B), Digit Span forward and backward, letter fluency tasks (F-A-S), and the 10-point Clock Drawing. Assessments were used in the analysis if results were approximately normally distributed.
Demographic and clinical characteristics for the participants are shown in Table 2 .
Imaging
All subjects received a structural MRI scan on a 3T Prisma system (Siemens Medical Systems, Erlangen, Germany) for purposes of excluding subjects with anatomical abnormalities, coregistering with the PET images and region of interest (ROI) definition. MRI scans were acquired using a T1-weighted magnetization- Before tracer injection, a 6-minute transmission measurement was performed for attenuation correction. [ 11 C]UCB-J was radiolabeled as previously described. 19 Subjects either received an intravenous bolus or an intravenous bolus plus constant infusion to the end of the PET acquisition 12 ; because kinetic modeling was performed, the different administration methods had no effect on the results. [ 11 C] UCB-J was injected at 565 AE 210MBq with a mass dose (0.03 AE 0.01μg/kg) for PD subjects and at 554 AE 190MBq with a mass dose (0.02 AE 0.02μg/kg) for normal control (NC) subjects.
Based on previous PD research, 1, 20 primary ROIs were the substantia nigra (SN), locus coeruleus, raphe nucleus, red nucleus, putamen, caudate, globus pallidus, parahippocampal gyrus, primary and supplemental motor cortex, and cerebellum. Secondary (exploratory) regions included the ventral striatum, thalamus, amygdala, hippocampus, insula, anterior and posterior cingulum, and dorsolateral prefrontal, orbitofrontal, ventromedial prefrontal, parietal, temporal, and occipital cortices. The ROIs above were taken from the Anatomical Automatic Labeling for SPM2 (AAL) atlas with the exception of hand-drawn templates in the following areas: the SN, which was defined with a dopamine tracer, [21] [22] [23] the locus coeruleus, defined with a norepinephrine tracer, 24 and the raphe nucleus, which was defined with a serotonin tracer, 25 as these tracers show high uptake in the respective areas that are not defined in AAL. ROI delineation was described in more detail in previous work, 23, 24 but briefly, the SN was drawn on 5 to 7 coronal slices for approximately a 1ml volume and the other non-AAL ROIs were confirmed on the Talairach and Tournoux atlas. 26, 27 All bilateral areas were defined with the right and left sides, and the average was used in analyses. The MRI-based Hammer atlas 28 was also used to independently confirm results in the SN. All cortical ROIs had gray matter segmentation that was conducted using SPM12 (Wellcome Trust Centre for Neuroimaging, London, UK) and then partial volume corrected using the Muller-Gartner algorithm to account for any possible gray matter differences. 29 Regional volumes were calculated in cortical ROIs using the same gray matter segmentation with SPM12. The intracranial volume was used for normalizing the intersubject variance and estimated with T1-weighted images analyzed with FreeSurfer 6.0. No volumetric decreases in examined cortical areas in PD subjects were found; increases are shown in Table 3 To apply ROIs to the PET data, 2 transformations were completed. First, a nonlinear transformation grid was estimated between the AAL template and each subject's magnetic resonance (MR) image, using BioImage Suite software (v2.5; http://www. bioimagesuite.com). This nonlinear coregistration algorithm is a March 2020 331 method first described in 2001 30 and subsequently used in multiple studies. 29, [31] [32] [33] [34] [35] Then, the subject's summed PET image (0-10 minutes postinjection) was coregistered to their MR image using a 6-parameter rigid (linear) registration estimated with a mutual information algorithm (FMRIB's Linear Image Registration Tool, FMRIB Software Library). Please see Figure 1 for a diagram of image registration processing. Regional values were computed by applying the template ROIs to PET space. To create the group averaged PET images, the combined nonlinear and linear registrations were used to transform individual PET parametric images to AAL template space. During PET scans, continuous head motion data were acquired using the Polaris Vicra optical tracking system (NDI Systems, Waterloo, Ontario, Canada). 36 Data were reconstructed including corrections for attenuation, normalization, scatter, random data, dead time, and motion using the MOLAR algorithm. 37 Arterial blood was collected for measurement of blood and plasma radioactivity in 9 NC and 8 PD subjects. The remaining subjects did not have arterial line measurements because of line failure or subject's preference. Thus, binding potential (BP ND ) values were used as the primary outcome measure in this study with the simplified reference tissue model 2 (SRTM2). This was applied to compute BP ND parametric images using a fixed k 2 0 value (clearance rate constant, k 2 , of the reference region), which was computed as a k 2 population average of the centrum semiovale using the 1-tissue compartment model (k 2 = 0.031 AE 0.005 [1/min], n = 17). The ROI for the centrum semiovale, a white matter region, was defined based on the white matter probability map (SPM12) of NC subjects' MR images, and the centrum semiovale region was defined on the AAL template to minimize partial volume effects and used as the reference region. BP ND correlated well to values from the 1-tissue compartment model, a model used in prior work, 12 in subjects with arterial blood data (y = 1.0292x + 0.0199, R 2 = 0.9811, n = 17). In the voxel-based approach, between-group comparisons were performed using independent sample t tests at each voxel with SRTM2 parametric images using SPM12.
Postmortem Autoradiography
Human brain tissue samples were purchased from the Banner Sun Health Research Institute Brain and Body Donation Program. Donor demographics are summarized in Table 4 . Tissues were provided as cryosections (10μm) of SN, pars compacta, and putamen and stored with desiccant at −80 C until use. [ 3 H] UCB-J was prepared with high radiochemical purity (98.9%) and specific activity (34.9Ci/mmol) and stored at −20 C in ethanol until use. Tissue autoradiography was performed in 50mM Tris HCl pH 7.4, 138mM NaCl, 2.7mM KCl and solutions of 2.5nM [ 3 H]UCB-J. Incubations were 60 minutes at room temperature. Washes (2 × 10 minutes) used cold assay buffer followed by 5 dips in cold distilled water. Slides were allowed to dry under a fan, then stored overnight in a vacuum desiccator. Tritium-sensitive storage phosphor screens were exposed for 1 week and imaged at 600 dots per inch using a PerkinElmer (Waltham, MA) Cyclone phosphor imager. Autoradiography data were analyzed in ImageJ by quantifying the mean pixel intensity within manually defined anatomical regions of interest that sampled consistent gray matter substructures in SN, pars compacta, and putamen tissue sections. Tritium standards (American Radiolabeled Chemicals, St Louis, MO) were used to convert data from mean pixel intensity to nCi/mg. Data visualization and statistical analyses were performed using Prism (GraphPad Software, San Diego, CA).
Statistical Analysis
All outcomes were summarized descriptively and assessed for normality prior to analysis using normal probability plots and Shapiro-Wilk test statistics. All outcomes were approximately normally distributed. Linear mixed models were used to examine the independent and joint effects of group (between-subjects factor) and ROI (within-subject factor) on BP ND values. Withinsubject correlations were accounted for by fitting 3 variancecovariance structures to the data (unstructured, compound symmetry, and heterogeneous compound symmetry) with an unstructured form fitting the data best according to the Bayesian information criterion. Potential associations between clinical assessments and measures with ROIs were estimated using Pearson correlations. Multiple comparison corrections were not performed on post hoc and secondary analyses given their exploratory nature. All analyses were considered significant at the 2-tailed α < 0.05 threshold and were conducted using SAS version 19 (IBM, Armonk, NY).
Results
In Vivo PET Imaging with [ 11 C]UCB-J Shows Lower Synaptic Density in Primary PD-Related Brain Regions
We found evidence of group differences in the primary brain regions of PD (n = 12) compared with NC subjects (n = 12; group-by-brain region interaction effect, F 10, 22 = 3.52, p = 0.007). Figure 2 shows post hoc analyses, with PD subjects exhibiting significantly lower SV2A-specific binding in the SN (−45%; p < 0.001), red nucleus (−31%; p = 0.03), locus coeruleus (−17%; p = 0.03), and parahippocampal gyrus (−12%; p < 0.01). Lateralized effects were seen in the caudate on the contralateral side to symptom onset (11% lower; p = 0.04), but not in the putamen or SN. Averaged group parametric images of BP ND values denoting the location of the SN region and displaying differences between the 2 groups are shown in Figure 3A . Figure 3B provides a scatterplot showing demographically matched NC and PD subjects (indicated by lines), with lower BP ND on the individual subject level in all cases with 1 exception. Analyses based upon an independently defined atlas 15 similarly found lower SV2A binding (−24%, p = 0.02).
Nonsignificant lower BP ND values were found in every examined brain region, ranging from 3 to 10%. 
Correlations between Synaptic Density and Neurocognitive Function
Neurocognitive assessment scores and disease duration were not correlated with BP ND values in the significant brain regions reported.
Autoradiography Studies
Using [ 3 H]UCB-J autoradiography in a separate sample (n = 15 in PD, n = 13 in NC), we also detected lower SV2A binding in the SN (−17%; p < 0.005). As with the in vivo data, nonsignificant findings were found in the putamen (−4%; p = 0.06; see Fig 4) .
PET Imaging with [ 11 C]UCB-J in Secondary PD-Related Brain Regions
Secondary post hoc analyses were performed in additional brain regions for exploratory purposes. Significantly lower BP ND values (all p values are uncorrected) in PD subjects were found in the posterior cingulate cortex (−15%; p = 0.01), orbitofrontal cortex (−11%; p = 0.01), and ventromedial prefrontal cortex (−11%; p = 0.02). An averaged group image of the whole brain is shown for visual comparison in Figure 5 .
Discussion
In this study, we detected significantly lower synaptic density for the first time in living PD subjects using in vivo SV2A PET imaging. The largest reductions were found in the SN, red nucleus, and locus coeruleus. Lower SV2A binding in the SN in PD was corroborated with postmortem autoradiography using brain tissue slices from a separate cohort of patients with PD. These findings provide in vivo evidence of synaptopathy in brainstem nuclei in earlier disease manifestation. This, along with previous work in animal models of the disease, further indicates the likelihood that clinical symptomology of PD may begin in the synapses of brainstem nuclei and remain present throughout the course of the disease. 10, 11, 38 The largest relative difference in SV2A-specific binding was found in the SN, a region central in PD pathology. Postmortem tissue studies estimate that 30 to 80% of dopamine neurons in the SN are lost when motor symptoms are present. 39 Previous PET studies have used radiotracers more specific to the monoamine systems, and found differences of around 20 to 40% in mild to advancing PD for vesicular monoamine transporter type 2 40 and 30% for dopamine transporter in early PD patients in the SN. 41 According to Braak staging, dopamine deficits are present from Braak stage 3 on. In the current study, we evaluated all synapses and found lower SV2A binding in the locus coeruleus, a region that is densely populated with norepinephrine neurons and affected in Braak stage 2, 1 confirming the presence of neurodegeneration in nondopaminergic brainstem nuclei. Similarly, lower SV2A binding was found in the red nucleus, a region adjacent to the dorsal raphe nucleus known to contain high serotonin transporter density, 42 although the SV2A binding in the raphe nuclei was not significantly different between the 2 groups. Taken as a whole, synaptic differences in brainstem nuclei are present in symptomatic patients, and this may extend into the preclinical stage, as was recently shown for the serotonin transporter in A53T SNCA carriers. 43 SV2A BP ND values in the striatum showed smaller differences that were not significantly different between the PD and NC groups in both the in vivo and postmortem samples. There could be different reasons for this. For example, the SV2A radiotracer signal is nonspecific to neuronal type, and the nondopaminergic neuron population in the striatum might be differentially affected. The neurons expressing tyrosine hydroxylase are usually identified as being dopaminergic in the striatum, but recently this has been contested, as they also have γ-aminobutyric acidergic (GABAergic) markers and function suggesting that dopaminergic terminals might constitute a smaller fraction of striatal synapses. 44, 45 Thus, the lack of significant differences in the striatum may reflect synapses other than nigrostriatal dopamine terminals or alternatively reflect a depletion of SV2A in the presynaptic dopamine terminals (ie, those arriving from the striatum and cortex) and not the cell bodies of dopamine neurons themselves. In addition, during the early stages of PD, increases have been shown in synapses in animal models, and human PET studies have shown upregulation of D2 and D3 receptor sites in the striatum. 20, 46 It is thus possible that a similar compensatory mechanism from dopaminergic denervation is present in the striatum in this cohort. 47 It is also important to note that [ 11 C]UCB-J has previously been found to be specific for SV2A and not for SV2B or SV2C. 19 There is preclinical evidence of SV2C disruption in PD pathogenesis. 48 It is possible that SV2C is selectively expressed in dopamine neurons and therefore a more sensitive marker of synaptic loss in the striatum, which would make an SV2Cspecific PET tracer potentially valuable in this regard.
An exploratory analysis revealed numerically lower SV2A binding in cortices including the posterior cingulate and key frontal regions that have previously been implicated with changes in dopamine, serotonin, GABA, and other neurotransmitter systems throughout the course of the disease. 1 This is an advantage of SV2A PET, as all synapses in the brain can be examined with one measurement. This is particularly relevant as 90% of alpha-synuclein in PD is located presynaptically in much smaller aggregates than Lewy bodies and can be found throughout the brain. 38 Pathologically, alpha- synuclein, as well as other PD genes and proteins, mainly involve synaptic machinery and play a critical role at the presynaptic site, causing alterations in neurotransmitter reuptake, vesicular storage, and release. [49] [50] [51] [52] Models based on the most prevalent genetic lesions that underlie familial forms of PD, LRRK2 lesions, also have severe neurotransmission defects due to interactions of various presynaptic proteins, including SV2A. 6, 7 These findings are also consistent with Braak classification, suggesting that the pathological progression follows a subcortical-limbic-neocortical gradient. Because our PD cohort had bilateral disease and an average of 4 years since disease diagnosis, it is conceivable that the PD pathology involved the limbic and neocortical structures as well. It is important to note that volumetric measurements in brain regions showed either no significant differences or an increase in the PD group (see Table 3 ), supporting the uniqueness and specificity of SV2A methodology in measuring synapses devoid of confounding factors such as glia that may influence other imaging modalities. Current work is focusing on the possibility of using SV2A binding as a biomarker to track synaptic changes in vivo in PD across the whole brain at different disease stages as well as comparing results vis-à-vis imaging biomarkers measuring the dopamine system.
There are several limitations that warrant mentioning. First, although our sample size is modest for a PET investigation, it is well within the range for a PET study evaluating a new radiotracer in PD. 41, 46 The limited sample size, combined with the lack of range in the clinical Hoehn and Yahr scale across PD subjects, may have obscured possible correlations with clinical measures or duration of disease. These homogeneous scores were a design of the study, however, and a relative strength for a preliminary study in PD. Future studies should use larger PD cohorts that are stratified according to disease stage. This might clarify possible SV2A differences in secondary regions and demonstrate clinical relationships. Second, the primary outcome measure BP ND was calculated using the centrum semiovale as a reference region. Ideally, reference regions are completely devoid of specific binding, but in previous studies we have shown a 10 to 20% contribution of SV2A-specific binding to [ 11 C]UCB-J centrum semiovale total binding (volume of distribution [V T ]). 12 Importantly however, the centrum semiovale V T was very similar for both subject groups (V T = 3.90 in NC; 3.85 in PD; −1%; p = 0.84) and was significantly lower than the V T of the primary regions studied; it was therefore suitable to be used as a reference region. Third, medication effects cannot be ruled out as contributing to the current results, although brain penetrative medications were not administered for an average of 13 hours before PET measurements, and medications affecting SV2A were exclusionary criteria. Fourth, although we interpret SV2A differences as evidence of synaptic decreases, as noted recently, other interpretations are possible (eg, synaptic vesicle dysfunction and/or cycling 35 ) . Preclinical work has shown, however, that synaptic vesicle pools are stable within synapses. 53 Last, it should be noted that other studies have used similar methodology with SV2A imaging at our center and also found disease-specific differences in SV2A in epilepsy, Alzheimer disease, and major depressive disorder. 12, 29, 35 Thus, emerging regional patterns in these diseases foster interest in the utility of SV2A as a wide-ranging neuropsychiatric biomarker for diagnosis, disease progression, and possibly treatment monitoring.
